Behavioral responses obtained from chinchillas trained to discriminate a cosine-phase harmonic tone complex from wideband noise indicate that the perception of 'pitch' strength in chinchillas is largely influenced by periodicity information in the stimulus envelope. The perception of 'pitch' strength was examined in chinchillas in a stimulus generalization paradigm after animals had been retrained to discriminate infinitely iterated rippled noise from wideband noise. Retrained chinchillas gave larger behavioral responses to test stimuli having strong fine structure periodicity, but weak envelope periodicity. That is, chinchillas learn to use the information in the fine structure and consequently, their perception of 'pitch' strength is altered. Behavioral responses to rippled noises having similar periodicity strengths, but large spectral differences were also tested. Responses to these rippled noises were similar, suggesting a temporal analysis can be used to account for the behavior. Animals were then retested using the cosine-phase harmonic tone complex as the expected signal stimulus. Generalization gradients returned to those obtained originally in the naïve condition, suggesting that chinchillas do not remain "fine structure listeners," but rather revert back to being "envelope listeners" when the periodicity strength in the envelope of the expected stimulus is high.
I. INTRODUCTION
Pitch is the perceptual dimension in human listeners that is related to the periodicity of a sound, whereas the pitch strength is the perceptual dimension that is related to the periodicity strength of a sound. Periodicity strength is a measure of the degree of temporal periodicity and can be quantified as the normalized correlation at the appropriate time lag in the autocorrelation function ͑e.g., Shofner and Selas, 2002͒ . The pitch strength is how strong or salient a listener perceives the sensation of pitch to be, and in human listeners, pitch strength can be quantified using scaling techniques such as magnitude estimation ͑Fastl and Stoll, 1979; Yost, 1996; Shofner and Selas, 2002͒. Rippled noises are a class of stimuli that have become important test stimuli for understanding pitch perception. A rippled noise is generated when wideband noise ͑WBN͒ is delayed, attenuated, and the delayed noise is added to the original, undelayed version of the noise. Each successive delay and add operation is referred to as an iteration, and a rippled noise having infinite iterations is generated by adding the delayed noise to the original noise through a positive feedback loop. With one exception, the rippled noises used in the present study are generated using the positive feedback loop. For convenience, these infinitely iterated rippled noises ͑IIRNs͒ will be referred to using the following notation: IIRN͓ϩ, T, dB atten͔, where ϩ indicates the delayed noise is added to the undelayed version, T is the time delay in ms, and dB atten is the attenuation in dB of the delayed noise.
More negative values of dB attenuation indicate greater attenuation. The one exception is a rippled noise generated using one iteration of the delay-and-add operation. This type of rippled noise has also been called cosine noise ͑CN͒, because the shape of the power spectrum can be described by a cosine function, and therefore it will be referred to as CN͓ϩ, T, dB atten͔ in order to distinguish it from IIRN͓ϩ, T, dB atten͔. Increasing the number of iterations or decreasing the amount of the delayed noise attenuation results in an increase in the periodicity strength of the rippled noise as measured using autocorrelation, and a related increase in the strength of the rippled noise pitch as measured in human listeners by magnitude estimation ͑Yost, 1996; Shofner and Selas, 2002͒ . These studies concluded that the temporal information in the waveform fine structure largely influences the perception of pitch strength.
In animals, questions regarding perceptual dimensions, such as pitch strength, can be addressed using stimulus generalization paradigms. In stimulus generalization paradigms, an animal is trained to respond to a specific stimulus, and then responses are measured to test stimuli that vary systematically along some stimulus dimension ͑Malott and Malott, 1970͒ . A systematic change in behavioral response along the physical dimension of the stimulus is known as a generalization gradient and implies that the animal possesses a perceptual dimension related to the physical dimension ͑Gutt-man, 1963͒. A generalization gradient is often interpreted to indicate perceptual similarities between test and training stimuli. Test stimuli that evoke similar behavioral responses as the training stimulus indicate a perceptual equivalence or perceptual invariance ͑see Hulse, 1995͒ among these stimuli. In other words, stimuli that are perceptually equivalent contain a stimulus feature that is perceived to be functionally equal among the stimuli ͑Hulse, 1995͒. Thus, data from stimulus generalization paradigms can be used to indicate what stimulus features control the behavioral response of the animal and can give insights into what features of the stimulus are being attended to or analyzed during testing. Comparing and contrasting the stimulus features that influence animal perceptions with those that influence human perceptions can then give insights into the similarities and differences in the mechanisms underlying the perceptual dimensions. In this paper, pitch strength ͑i.e., no quotes͒ will be used when referring to the human perception, and 'pitch' strength ͑i.e., single quotes͒ will be used when referring to the animal perception.
The stimulus generalization paradigm used in the present study is a modification of our previous discrimination task ͑Shofner and Yost, 1995; 1997͒ and is similar to a procedure used by Ohlemiller et al. ͑1999͒ to study categorical perception of consonant-vowel syllables in chinchillas. The procedure is based on positive reinforcement in an operant conditioning paradigm. Chinchillas first learn to discriminate a signal stimulus from a standard stimulus. In the generalization paradigm, animals are presented the signal stimulus on most trials and receive rewards for correct responses. Thus, it is likely that the animal expects to hear the signal stimulus and receive a reward during a testing session. The standard stimulus is presented on a fixed number of trials in order to estimate false alarms. On an infrequent number of trials, the test stimuli are presented to the animal. The infrequent presentation of test stimuli is similar to the probe-signal method of Greenberg and Larkin ͑1968͒. Behavioral responses to the test stimuli are not rewarded, because they are considered to be neither correct nor incorrect ͑i.e., they are subjective responses͒.
Shofner ͑2002͒ studied 'pitch' strength in chinchillas using this stimulus generalization paradigm in which animals were trained initially to discriminate a cosine-phase harmonic tone complex from WBN. Chinchillas were then tested with random-phase tone complexes and IIRNs as test stimuli. The generalization gradients obtained from most animals were consistent with the hypothesis that the temporal information in the stimulus envelope had a large influence on 'pitch' strength. In contrast, information in the fine structure appears to dominate pitch strength in human listeners as determined from scaling studies using the identical stimuli ͑Shofner and Selas, 2002͒. Thus, it would appear that chinchillas and human listeners have different listening strategies for these stimuli. Chinchillas seem to rely more heavily on high-frequency auditory filters where periodicity information about the stimulus envelope is dominant, whereas human listeners seem to rely more heavily on low-frequency auditory filters where periodicity information about the fine structure is dominant. It is interesting to note that one of the chinchillas ͑C7͒ used in the stimulus generalization experiment described above also had been used in earlier experiments in which chinchillas discriminated IIRNs from WBN ͑Shofner and Yost, 1995; 1997͒. C7 was the only animal in the generalization study to have had previous listening experience with IIRN stimuli of various delays and delayed noise attenuations. The generalization gradients obtained from this animal were clearly different from those obtained from the other animals ͑see Figs. 5 and 6 of Shofner, 2002͒ and were consistent with the hypothesis that the temporal information in the waveform fine structure had a large influence on 'pitch' strength. The difference in the generalization gradients from C7 and those obtained from the other chinchillas suggests that there may be a difference in listening strategy between animals with and without previous experience listening to stimuli like IIRNs. The present study examined the effect of listening experience on the 'pitch' strength perception in chinchillas. The results suggest that for broadband stimuli, chinchillas may normally analyze periodicity information in the stimulus envelope, but can learn to analyze information in the fine structure when trained with a stimulus having weak periodicity strength in the envelope, but strong periodicity strength in the fine structure.
II. GENERAL METHODS

A. Subjects
Adult chinchillas ͑Chinchilla laniger͒ were generally maintained at 80%-90% of their normal body weight and received food pellet rewards during behavioral testing. Their diets were supplemented with chinchilla chow to maintain their body weights. All animals had served as subjects in previous generalization studies in which they had been trained to discriminate a cosine-phase harmonic tone complex from WBN ͑Shofner, 2002; Shofner and Whitmer, 2005͒ . The care and use of the chinchillas and the procedures employed were approved by the Institutional Animal Care and Use Committee of Loyola University Chicago.
B. Stimuli
Wideband noise ͑WBN͒ was generated ͑Model 132 Wavetek VCG/Noise generator͒ and then divided into two channels. The parameters of the noise generator were set to produce a pseudorandom noise that repeated itself every 6.55 s and had a bandwidth of 10 kHz. The two channels were then fed into a digital delay line ͑Model PD 860 Eventide Precision Delay Line͒where channel B was delayed relative to channel A; the sampling rate was 62.5 kHz. The outputs of the two channels were each low-passed filtered ͑FT5 Tucker-Davis Technologies͒ at a cutoff frequency of 15 kHz. The attenuation of the delayed noise ͑channel B͒ was varied using a programmable attenuator ͑PA4 Tucker-Davis Technologies͒, and the two channels were added together ͑SM3 Tucker-Davis Technologies͒ to produce CN͓ϩ, T, dB atten͔. For generating IIRN͓ϩ, T, dB atten͔, the delayed version was added to the WBN through a positive feedback circuit. For WBN, IIRN͓ϩ, T, dB atten͔ and CN͓ϩ, T, dB atten͔, 5 s of the waveforms were resampled at 50 kHz and stored on disk as stimulus files. Harmonic tone complexes were generated on a digital array processor at a sampling rate of 50 kHz and stored on disk. Harmonic tone complexes were comprised of the fundamental frequency ͑F0͒ and all higher harmonics up to and including 10 kHz, and thus had the same bandwidth as the noises described above. Individual components were of equal amplitude and either added in cosinestarting phase or random-starting phase. For random-phase stimulus conditions, a new tone complex was generated for each block of trials ͑see below͒. The root-mean-squared amplitudes of the WBN, IIRN͓ϩ, T, dB atten͔, CN͓ϩ, T, dB atten͔, and harmonic tone complexes were scaled to be equal in order to eliminate the use of overall level as a cue during testing.
Stimulus periodicity strength was measured from autocorrelation functions of the waveform and envelope. Stimulus envelopes were extracted by using a Hilbert transform. The height of the first peak in the autocorrelation function ͑AC1͒ is the normalized correlation at the appropriate time lag and was used as an estimate of periodicity strength of the waveform and envelope. Examples of autocorrelation functions and the height of AC1 for the stimuli used in the present study have been previously published ͑see Figs. 1 and 2 of Shofner, 2002͒.
C. Behavioral testing
Stimulus presentation and data acquisition were controlled by a Gateway computer system with Tucker-Davis Technologies System II modules. Stimuli were played through a D/A converter at a conversion rate of 50 kHz, low-pass filtered at 15 kHz, attenuated, amplified ͑Rotel or Bryston Power Amplifier͒ and played through a loudspeaker ͑Realistic Optimus Pro X7 or RCA Pro-X880AV from Radio Shack͒. Sound level was monitored by placing a condenser microphone ͑Ivie 1133͒ in the approximate position of an animal's head and measuring the A-weighted sound pressure level with a sound level meter ͑Ivie IE-30-A Audio Spectrum Analyzer͒. Overall sound level was fixed at 73 dB SPL for all stimuli.
Chinchillas were placed inside a cage ͑16 in.ϫ 12 in. ϫ 10 in.͒ in a single-walled, sound-attenuating animal test chamber lined with acoustic foam during a testing session. Animals were not restrained and were free to roam around the cage. At one end of the cage was a pellet dispenser with a reward chute attached to a response lever. A loudspeaker was placed near the pellet dispenser approximately 6 inches in the front of the animal at approximately 30 degrees to the right of center. Transfer functions of the acoustic system have been previously published ͑see Fig. 3 of The stimulus generalization paradigm is a modification of our previous discrimination task ͑Shofner and Yost, 1995; 1997͒ and is based on positive reinforcement in an operant conditioning paradigm. Chinchillas first learned to discriminate a training or signal stimulus from a WBN-standard stimulus. Bursts of the WBN ͑500 ms with 10 ms rise/fall times͒ were presented continually once per second throughout the testing session regardless of whether the animal initiated a trial. The animal initiated a trial by pressing down on the response lever and holding the lever down for a specified duration of time. This duration of time is referred to as the hold time. After a trial was initiated, the WBN was presented continually for an additional 1-8 bursts resulting in a hold time of 1150-8150 ms for each trial. The number of WBN bursts presented after a trial was initiated varied randomly for each trial and was determined from a rectangular probability distribution. If the animal released the lever before the random hold time, the countdown for the hold time was halted; that trial began again with the next press of the lever using the same hold time. If the animal held the response lever down for the duration of the hold time, then either a signal interval or a blank interval ͑i.e., nonsignal interval͒ occurred. A signal interval consisted of two bursts of the signal stimulus, while a blank interval consisted of two additional bursts of the WBN stimulus. The response window was coincident with the duration of the signal/blank interval, but began 150 ms after the onset of the first burst and lasted until the onset of the next WBN burst. Consequently, the duration of the response window was 1850 ms. Whenever the animal released the lever during the response window, the release was scored as a positive response; that is, a lever release was the animal's way of saying "there was a signal presented."
In an experimental block of 40 trials, the signal stimulus was presented on 24 trials ͑60% of the trials͒ and the WBNstandard stimulus was presented on eight trials ͑20% of the trials͒. If the animal released the lever during a signal interval, then the positive response was treated as a hit, while a lever release during a nonsignal interval when the two additional bursts of WBN were presented was treated as a false alarm. If the animal continued to hold the lever down for the duration of the response window during a nonsignal interval, then this nonresponse was treated as a correct rejection. Chinchillas were rewarded with food pellets for hits and correct rejections. On each of two sets of four trials ͑10% of the trials each͒ two different test stimuli were presented in the block during the test interval. Animals received no food pellet rewards for behavioral responses to test stimuli, regardless of whether the response was a release of the lever or continuing to press the lever down. Thus, animals could receive food pellet rewards for 32/ 40 trials ͑24 signal stimuli + 8 nonsignal stimuli͒ or 80% of the total trials. Generalization data were collected for a minimum of 50 blocks; this resulted in at least 200 trials for each test stimulus.
III. EXPERIMENT 1: 'PITCH' STRENGTH FOLLOWING TRAINING WITH INFINITELY ITERATED RIPPLED NOISE
A. Methods
In the previous study ͑Shofner, 2002͒, stimulus generalization gradients were obtained from chinchillas that were trained to discriminate a cosine-phase harmonic tone complex from WBN. The purpose of Experiment 1 was to determine the effect that listening experience with IIRN stimuli may have on the perception of 'pitch' strength in chinchillas. In this experiment, animals that had been trained originally to discriminate a cosine-phase harmonic tone complex from WBN were retrained to discriminate IIRN͓ϩ, T, −1 dB͔ from WBN. In the generalization paradigm, the standard stimulus was the WBN, the signal stimulus was IIRN͓ϩ, T, −1 dB͔ and the test stimuli consisted of cosine-phase and random-phase harmonic complex tones as well as other IIRN͓ϩ, T, dB atten͔ with delayed noise attenuations between −8 dB and −2 dB. In this experiment, chinchillas re-ceived food pellet rewards for responses to IIRN͓ϩ, T, −1 dB͔, but no reinforcement for responses to either harmonic tone complexes or other IIRNs. Generalization gradients were obtained for three conditions in which the delays of the IIRNs and periods of the complex tones were fixed at 2 ms, 4 ms, and 8 ms. Figure 1͑a͒ illustrates the stimulus generalization gradient obtained from animal C27 for the 4 ms periodicity condition. The signal stimulus was IIRN͓ϩ, 4 ms, −1 dB͔ and the standard stimulus was WBN. The test stimuli consisted of cosine-phase and random-phase harmonic tone complexes each having a period of 4 ms ͑i.e., F0 of 250 Hz͒ and other IIRN͓ϩ, 4 ms, dB atten͔ of varying delayed noise attenuations. The different symbols indicate the stimuli that were presented together during a testing session. For example, the filled squares indicate the responses that were obtained when the standard stimulus was WBN, the signal stimulus was IIRN͓ϩ, 4 ms, −1 dB͔, and the two test stimuli were IIRN͓ϩ, 4 ms, −3 dB͔ and IIRN͓ϩ, 4 ms, −6 dB͔. The x axis indicates each stimulus presented and is a nominal scale; the solid line is merely used in order to facilitate the grouping of data points and does not imply any functional relationship. Behavioral responses to the stimuli are shown as percent generalization which is defined as the percentage of trials the animal released the lever during the response window for each stimulus presented. For stimuli that were repeated ͑i.e., WBN and IIRN͓ϩ, 4 ms, −1 dB͔͒, the line goes through the average values of percent generalization. For example, the squares in Fig. 1͑a͒ indicate that WBN, IIRN͓ϩ, 4 ms, −6 dB͔, IIRN͓ϩ, 4 ms, −3 dB͔, and IIRN͓ϩ, 4 ms, −1 dB͔ were presented together in one set of stimuli, whereas the inverted triangles indicate that WBN, IIRN͓ϩ, 4 ms, −3 dB͔, IIRN͓ϩ, 4 ms, −1 dB͔, and random-phase tone complex were presented as another set of stimuli. Note that in these examples, WBN, IIRN͓ϩ, 4 ms, −3 dB͔ and IIRN͓ϩ, 4 ms, −1 dB͔ were repeated. Figure 1͑a͒ illustrates the generalization gradient obtained for C27 after the animal was trained using IIRN͓ϩ, 4 ms, −1 dB͔. For the condition of 4 ms periodicity strength, the percent generalization is 87.3%, 85.8%, and 88.5% for IIRN͓ϩ, 4 ms, −1 dB͔, random-phase harmonic complex tones, and the cosine-phase harmonic complex tone, respectively. Thus, only small differences in percent generalization are observed among IIRN͓ϩ, 4 ms, −1 dB͔, the cosine-phase harmonic complex tone and the random-phase harmonic complex tones after training with IIRN͓ϩ, 4 ms, −1 dB͔. Also note that the percent generalization for IIRN͓ϩ, 4 ms, −2 dB͔ is relatively high with a value of 77.8%. Percent generalization decreases as the amount of delayed noise attenuation changes from −2 dB to − 6 dB with values above those for WBN. For comparison, Fig. 1͑b͒ shows the periodicity strength as measured by the height of the peak at a time lag of 4 ms for the waveform and envelope of each stimulus. Note that the height of AC1 for IIRN͓ϩ, 4 ms, −1 dB͔ is high and that there is a systematic decrease as the amount of delayed noise attenuation changes from −2 dB to − 8 dB. The generalization gradient shown in Fig. 1͑a͒ is more similar in shape to the waveform AC1 gradient shown in Fig.  1͑b͒ than the envelope AC1 gradient. Figure 2 compares the generalization gradients obtained from each of six animals after retraining with IIRN͓ϩ, 4 ms, −1 dB͔ with those obtained initially after training with the cosine-phase harmonic complex tone. For each animal, the behavioral responses to the IIRN test stimuli are larger after retraining with IIRN͓ϩ, 4 ms, −1 dB͔. That is, the generalization gradients are shifted horizontally to the left. Similar shifts in the generalization gradients were obtained after retraining with IIRN for periods of 2 ms ͑Fig. 3͒ and 8 ms ͑Fig. 4͒. These behavioral data indicate that chinchillas order complex sounds along the physical dimension of periodicity strength, and thus, possess a perceptual dimension similar to pitch strength in human listeners. It should be noted in Figs. 2-4, that some animals gave behavioral responses to the cosine-phase tone complex that were below those of the IIRN͓ϩ͔ signal stimulus ͑e.g., C28 in Fig. 2 , C29 in Fig. 3 , C29 and C35 in Fig. 4͒ . These responses can be interpreted to indicate that the cosine-phase tone complex was not perceived to be similar to the IIRN signal stimulus.
B. Results
FIG. 1. ͑a͒
The behavioral responses obtained for animal C27 for stimuli having a period or delay of 4 ms. Behavioral responses are shown as percent generalization ͑see text͒. Symbols indicate the stimuli that were presented together during a testing session. The vertical dashed line at −1 indicates that the signal stimulus was IIRN͓ϩ, 4 ms, −1 dB͔. The solid line through the data points is used to group the data together and is not meant to imply a continuous function, since the x axis is a nominal scale. For stimuli that were repeated, the solid line goes through the average percent generalization. ͑b͒ The height of the peak at a time lag of 4 ms ͑AC1͒ from the autocorrelation functions of the stimuli. Filled-squares show AC1 for the waveform fine structure; open circles show AC1 for the envelope as defined by the Hilbert transform. In this and subsequent figures, stimuli are labeled along the x axis, wideband noise ͑WBN͒, infinitely iterated rippled noises having delayed noise attenuations of −8 , −6 , −5 , −4 , −3 , −2 , −1 dB, and random-phase ͑RND͒ and cosine-phase ͑COS͒ harmonic tone complexes.
IV. EXPERIMENT 2: 'PITCH' STRENGTH OF COSINE NOISE
A. Methods
The purpose of Experiment 2 was to obtain an estimate of 'pitch' strength in chinchillas for CN͓ϩ, 4 ms, 0 dB͔ relative to that of IIRN͓ϩ, 4 ms, −1 dB͔. The standard stimulus was WBN and the signal stimulus was IIRN͓ϩ, 4 ms, −1 dB͔; the two test stimuli were CN͓ϩ, 4 ms, 0 dB͔ and IIRN͓ϩ, 4 ms, −5 dB͔. In this experiment, chinchillas received food pellet rewards for responses to IIRN͓ϩ, T, −1 dB͔, but no reinforcement for responses to CN͓ϩ, 4 ms, 0 dB͔ or IIRN͓ϩ, 4 ms, −5 dB͔. Figure 5 compares the spectra for the signal and test stimuli and shows that there are large spectral differences between the two test stimuli. The spectrum for CN͓ϩ, 4 ms, 0 dB͔ is characterized by broad peaks at frequencies corresponding to integer multiples of 1 / T with a large peak-tovalley ratio, whereas the spectrum for IIRN͓ϩ, 4 ms, −5 dB͔ shows sharp peaks at frequencies corresponding to integer multiples of 1 / T with a smaller peak-to-valley ratio. Comparing these test stimuli to the signal stimulus, it can be noted that the peak-to-valley ratios of CN͓ϩ, 4 ms, 0 dB͔ and IIRN͓ϩ, 4 ms, −1 dB͔ are similar, although they do differ in their spectral shapes. However, IIRN͓ϩ, 4 ms, −5 dB͔ and IIRN͓ϩ, 4 ms, −1 dB͔ have similar spectral shapes ͑i.e., sharp peaks, broad valleys͒, but differ in their peak-to-valley ratios. Figure 5 also compares autocorrelation functions for the signal and test stimuli. The autocorrelation function of CN͓ϩ, 4 ms, 0 dB͔ has a single peak at a time lag of 4 ms, whereas the autocorrelation function of IIRN͓ϩ, 4 ms, −5 dB͔ has several peaks at integer multiples of 4 ms. However, the heights of the peaks at a 4 ms lag time are similar for the test stimuli. The average peak height at 4 ms is 0.495 for IIRN͓ϩ, 4 ms, −5 dB͔ and is 0.493 for CN͓ϩ, 4 ms, 0 dB͔. Thus, the two test stimuli differ greatly in terms of their spectra, but show similarities in terms of the 4 ms periodicity strength. IIRN͓ϩ, 4 ms, −1 dB͔ signal stimulus for each animal. Second, the responses of the CN͓ϩ, 4 ms, 0 dB͔ and IIRN͓ϩ, 4 ms, −5 dB͔ test stimuli are similar for each animal. Note also that the responses to CN͓ϩ, 4 ms, 0 dB͔ and IIRN͓ϩ, 4 ms, −5 dB͔ are greater than those to WBN. The lowerright-hand panel in Fig. 6 shows the average and 95% confidence intervals determined using the Tukey's standard error. A repeated-measures analysis of variance showed a significant effect of stimuli ͑F = 373.5; p Ӷ 0.0005͒. Pairwise comparisons based on Tukey's test showed a significant difference ͑q = 34.01; p Ͻ 0.001͒ between the IIRN test stimulus and the IIRN signal stimulus ͑i.e., IIRN͓ϩ, 4 ms, −5 dB͔ vs IIRN͓ϩ, 4 ms, −1 dB͔͒. There was also a significant difference ͑q = 32.84; p Ͻ 0.001͒ between the CN test stimulus and the IIRN signal stimulus ͑i.e., CN͓ϩ, 4 ms, 0 dB͔ vs IIRN͓ϩ, 4 ms, −1 dB͔͒. However, there was no significant difference ͑q = 1.17; p Ͼ 0.5͒ in percent generalization between the two test stimuli ͑i.e., CN͓ϩ, 4 ms, 0 dB͔ vs IIRN͓ϩ, 4 ms, −5 dB͔͒.
B. Results
V. EXPERIMENT 3: RETESTING 'PITCH' STRENGTH USING COSINE-PHASE HARMONIC TONE COMPLEX AS THE SIGNAL
A. Methods
In the previous study ͑Shofner, 2002͒, chinchillas were trained to discriminate the cosine-phase harmonic tone complex from WBN and then tested in the generalization paradigm using the cosine-phase tone complex as the signal stimulus. In Experiment 1 above, chinchillas were retrained to discriminate IIRN͓ϩ, 4 ms, −1 dB͔ from WBN and tested in the generalization paradigm using IIRN͓ϩ, 4 ms, −1 dB͔ as the signal stimulus. In both of these experiments, the training stimulus and the signal stimulus were identical. In Experiment 3, chinchillas that had been retrained with IIRN͓ϩ, 4 ms, −1 dB͔ were then tested in the generalization paradigm using the cosine-phase harmonic tone complex as the signal stimulus. Thus, in Experiment 3, the training stimulus and the signal stimulus were not the same. In this experiment, chinchillas now received food pellet rewards for responses to the cosine-phase tone complex, but no reinforcement for responses to either random-phase tone complexes or other IIRNs, including IIRN͓ϩ, T, −1 dB͔. Experiment 3 examined how animals with listening experience with IIRNs would respond when the testing conditions were identical to those used in the previous study ͑Shofner, 2002͒ in which animals had no prior listening experience with IIRNs. Figure 7 shows the stimulus generalization data for animal C27 for responses obtained during the first 6 week period of data collection in Experiment 3. The filled symbols indicate the responses obtained in Experiment 3, whereas the solid line indicates the generalization gradient obtained from Experiment 1 using IIRN͓ϩ, 4 ms, −1 dB͔ as the signal stimulus and the dashed line indicates the generalization gradient from the previous study ͑Shofner, 2002͒ in which the cosine-phase tone complex was used as the signal stimulus. Note that the responses obtained during this time period are scattered around the gradient obtained in Experiment 1 when IIRN͓ϩ, 4 ms, −1 dB͔ was the signal stimulus. In particular, the responses are high when the test stimuli are either random-phase harmonic tone complexes or IIRN͓ϩ, 4 ms͔ at delayed noise attenuations of −1 dB and −2 dB. Figure 7 also shows the generalization data obtained from C27 in Experiment 3 over the next 8 week period. Again, the symbols show the responses obtained in Experiment 3, whereas the solid and dashed lines indicate the generalization gradients obtained from Experiment 1 and the previous study ͑Shofner, 2002͒, respectively. Now it can be observed that the responses are scattered around or fall below the generalization gradient obtained in the previous study when the cosinephase tone complex was used as the signal stimulus ͑Shofner, 2002͒. In particular, the behavioral responses are small when the test stimuli are either the random-phase tone complexes or IIRN͓ϩ, 4 ms͔ at delayed noise attenuations of −1 dB and −2 dB. Figure 8 shows the average percent generalization obtained from four chinchillas for the IIRN͓ϩ, 4 ms, −1 dB͔, random-phase and cosine-phase harmonic tone complexes under three different training/signal conditions. The purpose of Experiment 3 was to determine if the change in listening strategy that occurred after training with IIRN was a permanent change in listening strategy or whether animals return over time to their previous strategy when the IIRN is replaced with cosine-phase tone complex. As such, the most relevant behavioral responses are those to IIRN͓ϩ, 4 ms, −1 dB͔, random-phase and cosine-phase tone complexes. In order to simplify the data presentation, only the responses to those specific stimuli are shown in bar graph format. Error bars indicate ±1 standard deviation. The open bars show behavioral responses from the initial condition in which animals were trained with the cosine-phase harmonic tone complex and tested in the generalization procedure with the same cosine-phase tone complex used as the signal. For this condition, it can be seen that the behavioral responses to the random-phase tone complex and IIRN͓ϩ, 4 ms, −1 dB͔ were smaller than those to the cosine-phase tone complex. The black-filled bars show behavioral responses from the condition in which animals were retrained with IIRN͓ϩ, 4 ms, −1 dB͔ and tested in the generalization procedure with IIRN͓ϩ, 4 ms, −1 dB͔ as the signal. For this condition, it can be clearly seen that the behavioral responses were high when animals were tested using this IIRN as the signal stimulus, and that the behavioral responses were also high to the cosine-phase and random-phase test stimuli. Finally, the gray-filled bars show the behavioral responses from animals which had been retrained using the IIRN͓ϩ, 4 ms, −1 dB͔, but were then tested using the cosine-phase tone complex as the signal stimulus in the generalization paradigm. For this condition, the training and signal stimuli are not the same. The data shown are the average of four chinchillas for the final values of percent generalization obtained. For example, for C27, these final values correspond to the filled circles shown in Fig. 7͑b͒ . Figure 8 ͑gray-filled bars͒ shows that when the animals that had been retrained with the IIRN stimulus were then tested using the cosine-phase tone complex as the signal stimulus ͑rather than IIRN͒, the behavioral responses remain high only for the cosine-phase tone complex ͑signal stimulus͒; the responses to the random-phase tone complex and IIRN͓ϩ, 4 ms, −1 dB͔ ͑i.e., the test stimuli͒ decrease dramatically.
B. Results
VI. DISCUSSION
Behavioral responses to complex sounds that varied in periodicity strength were measured from chinchillas using a stimulus generalization paradigm. In a stimulus generalization paradigm, an animal is first trained to respond to a signal stimulus, and then behavioral responses to test stimuli are measured ͑Malott and Malott, 1970; Hulse, 1995͒ . The stimuli that are presented typically vary systematically along some physical dimension, and a systematic gradient in behavioral responses suggests that the animal possesses a perceptual dimension related to the stimulus dimension ͑Gutt-man, 1963͒. The gradient in behavioral response is often interpreted to imply how closely test stimuli are perceived to be similar to the signal stimulus. In the present experiment, FIG. 7 . Percent generalization determined for C27 over two different periods of time. The dashed lines indicate the general gradient obtained when the animal was trained with the cosine-phase harmonic tone complex and tested with the cosine-phase tone complex as the signal. The solid lines indicate the generalization gradients obtained when the animal was retrained with IIRN͓ϩ, 4 ms, −1 dB͔ and tested using IIRN͓ϩ, 4 ms, −1 dB͔ as the signal stimulus. The symbols indicate the behavioral data obtained following retraining with IIRN͓ϩ, 4 ms, −1 dB͔, but using the cosine-phase tone complex as the signal stimulus. ͑a͒ The percent generalization obtained over an initial 6 week period; ͑b͒ data obtained during the next 8 weeks.
FIG. 8. Average percent generalization from four chinchillas for IIRN͓ϩ, 4 ms, −1 dB͔ and random-phase and cosine-phase harmonic tone complexes. Error bars indicate ±1 standard deviation. Open bars show responses when chinchillas were trained with the cosine-phase tone complex and tested in the generalization procedure using the cosine-phase tone complex as the signal stimulus. Black-filled bars show responses when chinchillas were retrained with IIRN͓ϩ, 4 ms, −1 dB͔ and tested in the generalization procedure IIRN͓ϩ, 4 ms, −1 dB͔ as the signal stimulus. Gray-filled bars show responses when chinchillas were retrained with IIRN͓ϩ, 4 ms, −1 dB͔ and tested in the generalization procedure using the cosine-phase tone complex as the signal stimulus. the physical dimension that was varied systematically is the periodicity strength of the stimulus. Stimulus periodicity strength is measured as the height of the first peak in the autocorrelation function for both the waveform fine structure and the stimulus envelope.
In the present study, chinchillas were trained to discriminate IIRN with −1 dB of delayed noise attenuation from WBN. IIRN͓ϩ, 4 ms, −1 dB͔ has a relatively large periodicity strength in the waveform fine structure, but a relatively small periodicity strength in the envelope ͑see Fig. 1͒ . The results of Experiment 1 of the present study indicate that chinchillas order complex sounds along the physical dimension of periodicity strength, and thus, possess a perceptual dimension similar to pitch strength in human listeners. That is, there is an increase in behavioral response as the periodicity strength of the stimulus increases. More importantly, there are generally small differences in behavioral responses between IIRN͓ϩ, 4 ms, −1 dB͔ and random-phase tone complexes and between IIRN͓ϩ, 4 ms, −1 dB͔ and cosinephase tone complexes. The behavioral responses among these three stimuli are typically large for most animals. That is, most animals perceive random-phase and cosine-phase harmonic tone complexes to be functionally similar to IIRN͓ϩ, −1 dB͔ suggesting that there is a perceptual equivalence ͑Hulse, 1995͒ among these three stimuli. In this case, the perceptual equivalence is presumably related to the similarity in periodicity strength in the waveform fine structure among these three stimuli ͑see Fig. 1͒ .
The generalization gradients obtained in Experiment 1 of the present study clearly differ from those obtained when the chinchillas were first trained to discriminate a cosinephase harmonic tone complex from WBN ͑Shofner, 2002͒. Among all the stimuli, the cosine-phase tone complex has the largest periodicity strength in both the fine structure and the envelope ͓see Fig. 1͑b͔͒ , whereas WBN noise has a periodicity strength of 0 as measured by autocorrelation. The previous results ͑Shofner, 2002͒ showed that for most chinchillas, IIRN͓ϩ, T, −1 dB͔ and random-phase harmonic tone complexes were not perceived to be similar to the 'pitch' strength of cosine-phase tone complexes, and the behavioral data suggested that the stimulus envelope had a greater influence than waveform fine structure on the perception of 'pitch' strength in chinchillas. In contrast, however, the generalization gradients obtained from Experiment 1 of the present study suggest that periodicity information in the waveform fine structure now has a greater influence than envelope on the perception of 'pitch' strength in chinchillas.
In order to gain some insight into the question regarding the dominance of information in the fine structure following listening experience with IIRN͓ϩ, T, −1 dB͔, generalization gradients were analyzed using the auditory image model ͑AIM͒ of Patterson et al. ͑1995͒ as previously described ͑see Shofner, 2002 for details͒. The filter functions of AIM are based on the bandwidths described by Glasberg and Moore ͑1990͒ obtained using simultaneous masking with notched noise ͑see Patterson et al., 1995͒ . Because the auditory filter functions for chinchillas and human listeners are similar under conditions of simultaneous masking with notched noise ͑Niemiec et al., 1992͒, no attempt was made to change the bandwidth of the simulated auditory filters in AIM. Briefly, 10 ms summary autocorrelograms were obtained at the output of AIM for auditory filters with center frequencies between 0.1-1.0 kHz and for auditory filters between 1.0-10.0 kHz. These two summary autocorrelograms were assumed to represent the processed temporal information in the waveform fine structure and envelope, respectively. Fine structure and envelope summary autocorrelograms were obtained for WBN and all stimuli for the 4 ms periodicity strength condition. The similarity index ͑SI͒ is defined as
where Y ͑t,stimulus͒ and Y ͑t,WBN͒ are the normalized amplitudes of the summary autocorrelograms at times, t, between 0 and 10 ms for any given stimulus and WBN, respectively. Relative similarity in terms of percent is then defined as
where SI ͑COS͒ is the similarity index of the cosine-phase harmonic tone complex. Similarity will be 100% if the stimulus is the cosine-phase tone complex and will be 0% if the stimulus is WBN. Figure 9 shows average percent generalization obtained from the six chinchillas for the 4 ms periodicity condition when animals were initially trained with the cosine-phase tone complex ͑open circles, dashed line͒ and then retrained with the IIRN ͑open inverted triangles, dashed line͒. Also shown in Fig. 9 are the best fitting model predictions based on a simple weighted average of the relative similarities of the low-frequency ͑0.1-1.0 kHz͒ and high-frequency ͑1.0-10.0 kHz͒ auditory channels. These model predictions were obtained by first fixing the weight for the low-frequency channels at 0 and the weight for the high-frequency channels at 1. A sum of squares difference between the behavioral data and model predictions based on those weights were obtained. The weights were varied in steps of 0.01 until the mini- mum sum of squares difference between the model predictions and behavioral data was obtained. For animals trained with the cosine-phase tone complex, the relative weight given to the low-frequency channels is 0.39 and the weight given to the high-frequency channels is 0.61. The listening strategy in this case is to combine information across auditory channels, but to weigh more heavily the information in high-frequency channels where temporal information about the stimulus envelope is dominant. In contrast, for animals retrained with IIRN, the relative weight given to the low-frequency channels is now 0.91 and the weight given to the high-frequency channels is only 0.09. The listening strategy in this case is to combine information across auditory channels, but to weigh more heavily the information in low-frequency channels where temporal information about the waveform fine structure is dominant. Thus, the behavioral results indicate that listening experience can alter the perception of 'pitch' strength in chinchillas, and the simulation results indicate that chinchillas can become "fine structure" listeners when trained using a broadband stimulus like IIRN, which has a large periodicity strength in the fine structure, but not in the envelope. The results of Experiment 1 of the present study suggest that the listening strategy of chinchillas following training with IIRN is more like the listening strategy used by human listeners. Shofner and Selas ͑2002͒ had human listeners judge the pitch strength of the same complex sounds presented in the present study using a magnitude estimation procedure. A modified version of Stevens' power law based on temporal information in both the waveform fine structure and envelope was used to model the judgments of pitch strength. These results suggested that the perception of pitch strength in human listeners is also largely influenced by the temporal information in the waveform fine structure. The results of Experiment 2 are consistent with this conclusion. The average percent generalization to CN͓ϩ, 4 ms, 0 dB͔ is identical to IIRN͓ϩ, 4 ms, −5 dB͔ when animals discriminate IIRN͓ϩ, 4 ms, −1 dB͔ from WBN and suggests that CN͓ϩ, 4 ms, 0 dB͔ and IIRN͓ϩ, 4 ms, −5 dB͔ evoke equal 'pitch' strength relative to IIRN͓ϩ, 4 ms, −1 dB͔. The similarity in 'pitch' strength is predicted based on the similarity in the magnitude of AC1 for these two stimuli. However, the similarity in 'pitch' strength is not as clearly predicted based on the spectral differences for the stimuli. This conclusion that the perception of 'pitch' strength in chinchillas can be accounted for based on temporal processing is similar to that described for human listeners Yost, 1996͒. Although when trained using IIRN stimuli, chinchillas develop a listening strategy that does appear to be similar to that of human listeners, this is not necessarily a permanent change in listening strategy. The results of Experiment 3 of the present study show that when retested in the generalization paradigm using the cosine-phase harmonic tone complex as a signal following retraining with IIRN, the responses to random-phase complex tones and IIRN eventually become lower than those previously obtained when tested using IIRN as the signal. That is, the generalization gradients become more like those obtained originally from naive animals trained with the cosine-phase tone complex, suggesting that "fine structure listening" has reverted back to "envelope listening." Thus, it would appear that the periodicity strength of the stimulus envelope is a very salient cue for the perception of 'pitch' strength in chinchillas.
The audiograms of chinchillas and humans are similar, indicating that chinchillas have good low frequency hearing abilities ͑Heffner and Heffner, 1991͒. Also, the bandwidths of chinchilla auditory filters are similar to those of human listeners as measured using simultaneous masking methods ͑Niemiec et al., 1992͒. Given these similarities between human and chinchilla auditory systems, why is there such a difference in the perceptions between humans and chinchillas. That is, why is the envelope such a salient cue in chinchillas whereas the fine structure is more important in humans?
Recently, the similarities in auditory filter functions among human listeners and nonhuman mammals have been questioned. As previously described, filter bandwidths are similar between chinchillas and human listeners when measured using simultaneous masking procedures ͑Niemiec et al., 1992͒. However, based on data from otoacoustic emissions, it has been suggested that the filter functions of human listeners are narrower than previously thought and that the auditory filters of nonhuman mammals are wider than those of human listeners ͑Shera et al., 2002͒. Wider auditory filters in chinchillas would suggest that for a given harmonic stimulus, there would be more unresolved components along the chinchilla cochlea than a long the human cochlea. Because temporal information about the envelope is dominated by the unresolved components, more unresolved components in chinchillas than in humans could explain the predisposition of chinchillas to weigh more heavily on the temporal information in the stimulus envelope. However, the results from a recent experiment in which chinchillas and human listeners discriminated a cosine-phase tone complex from randomphase tone complexes argue that spectral resolvability for these types of broadband stimuli is similar for the two groups ͑Shofner et al., 2005͒. There is an interesting difference between the human and chinchilla cochleae that could potentially account in part for the differences in human and chinchilla perceptions of pitch strength. Namely, there are differences in the innervation densities of the chinchilla and human cochleae. There are approximately 10 myelinated nerve fibers per inner hair cell along the entire length of the human cochlea ͑Nadol, 1988͒. However, the chinchilla cochlea has an average of 9.4 fibers per inner hair cell in the apex, which increases systematically to 18.8 fibers per inner hair cell in the basal regions ͑Bohne et al., 1982͒. Thus, in the chinchilla cochlea, there may be a greater number of auditory nerve fibers carrying information about the envelope than about the fine structure, since envelope periodicity processing is dominated by high frequency auditory channels.
Does the predisposition of chinchillas to use envelope cues compared to the use of fine structure cues by human listeners reflect species differences in central neural mechanisms? Behavioral studies from the chinchilla suggest that that the neural mechanisms underlying the discrimination of IIRNs from WBN are not fundamentally different between chinchillas and human listeners ͑Shofner and Yost, 1995; 1997͒ . The ability of the chinchilla to adopt a different listening strategy after training with rippled noise stimuli presumably reflects experience-dependent plasticity in the central auditory system, and this presumed experiencedependent plasticity appears to occur in humans as well. Normal-hearing human listeners are exposed constantly to speech and music from the time of birth, and Terhardt ͑1974͒ has argued that virtual pitch is acquired through learning processes related to speech. Unlike human listeners, the chinchillas used in laboratory studies are raised in acoustically impoverished environments. Perhaps the listening experience with rippled noise stimuli derived by chinchillas reflects experience-dependent plasticity that is similar to that which occurs in human infants through exposure to speech and music. The loci of any experience-dependent plasticity related to 'pitch' strength in the chinchilla will require future physiological studies. It seems likely that some plasticity will occur in the auditory cortex ͑e.g., Weinberger, 2004͒, but could also occur at the level of the cochlear nucleus ͑e.g., Woody et al., 1992; 1994͒ . It is unclear as to why it might be more adaptive for the chinchilla to use information in the envelope rather than fine structure as in human listeners. Chinchillas are good low frequency hearing animals as shown by their audiograms, and one might predict that they would attend to the fine structure more than the envelope. Perhaps the predisposition for chinchillas to weigh envelope information over fine structure reflects the importance of high frequency listening for sound localization. Heffner et al. ͑1995͒ have shown that high frequencies are necessary for front/back and vertical sound localization in chinchillas.
In summary, the generalization gradients obtained from chinchillas are dependent on the type of training stimulus employed. When animals are trained to discriminate a stimulus in which the fine structure and envelope both contain strong periodicities ͑i.e., cosine-phase tone complex͒ from an aperiodic stimulus ͑i.e., WBN͒, the gradients obtained suggest that animals are largely processing information about the stimulus envelope. That is, when periodicities are strong in both the fine structure and envelope, chinchillas seem to have a predisposition for using envelope information. However, when animals are trained to discriminate a stimulus with strong fine structure periodicity, but weak envelope periodicity ͑i.e., IIRN͒ from an aperiodic stimulus ͑i.e., WBN͒, the gradients obtained suggest that animals are largely processing information about the fine structure. That is, chinchillas can learn to use the information in the fine structure to do the discrimination and consequently, their perception of 'pitch' strength is altered.
